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Abstract 
This study aims to investigate the catalytic behaviors on W/TiO2 catalysts having different phases of 
TiO2 towards catalytic dehydration of ethanol to higher value products including ethylene, diethyl 
ether, and acetaldehyde. In fact, TiO2 support with different crystalline phases can result in differences 
of physico-chemical properties of the catalyst. Therefore, the present work reports on the catalytic be-
haviors that were altered with different phases of TiO2 in catalytic ethanol dehydration to diethyl ether 
or ethylene as a major product. To prepare the catalysts, three different phases [anatase (A), rutile (R), 
and mixed phases (P25)] of TiO2 supports were impregnated with 10 wt% of tungsten (W). It was found 
that the W/TiO2-P25 catalyst revealed higher activity among other catalysts. At 300 °C, all catalysts 
can produce the diethyl ether yield of 24.1%, 22.8%, and 10.6% for W/TiO2-P25, W/TiO2-A, and W/TiO2-
R catalysts, respectively. However, when the reaction temperature was increased to 400°C, ethylene is 
the major product. The W/TiO2-P25 and W/TiO2-A catalysts render the ethylene yield of 60.3% and 
46.2%, respectively, whereas only 15.9% is obtained from W/TiO2-R catalyst. The most important pa-
rameter influencing their catalytic properties appears to be the proper pore structure, acidity, and dis-
tribution of W species. Copyright © 2019 BCREC Group. All rights reserved 
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Research Article 
1. Introduction 
Currently, renewable energy resources such 
as solar, wind, and biomass have become an im-
portant way to achieve sustainable develop-
ment. Increasing renewable energy consump-
tion in the world can impact on the utilization of 
fossil fuel that is finite resources. When consid-
ered agricultural-based products or biomass, 
ethanol is one of the most important platform 
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chemicals, which can be derived from fermenta-
tion of biomass such as sugarcane, cassava, mo-
lasses, rice, corn, etc. [1]. In fact, ethanol can be 
converted into various valuable chemical com-
pounds by catalytic dehydration and dehydro-
genation of ethanol. The solid catalysts are pre-
ferred in these reactions. Ethanol dehydration 
typically includes two competitive routes to pro-
duce; (1) ethylene by endothermic reaction, and 
(2) diethyl ether by exothermic reaction. There-
fore, the formation of ethylene favors at moder-
ate to high temperatures (ca. 300-400 °C) to ob-
tain high ethylene selectivity, while the for-
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mation of diethyl ether is prevail at lower tem-
peratures (ca. 200-300 °C). Furthermore, these 
processes have many additional advantages, in 
particular the reduction of carbon dioxide (CO2) 
emissions, lower operating temperature, lower 
production costs and cleaner technology [2]. 
Ethylene product is widely used as raw materi-
als in the manufacture of various polymers 
such as polyethylene, polyvinyl chloride, and 
polystyrene and other organic chemicals [3]. 
The diethyl ether product is commonly used as 
an extraction solvent. Moreover, diethyl ether 
has high cetane number and can be used in 
combination of petroleum fuel for gasoline and 
diesel engines [4,5]. In addition, acetaldehyde 
can be produced from ethanol dehydrogenation 
as a side reaction. Therefore, in order to obtain 
the desired products from ethanol, efficient cat-
alysts must be developed and this becomes the 
most important factor of this research. 
It is well known that the catalytic dehydra-
tion of ethanol has been investigated by using 
different catalysts in order to increase activity 
and lower the operation temperature. Normal-
ly, the solid acid catalysts containing alumina 
(Al2O3) and transition metal oxides such as zeo-
lite, montmorillonite clays, silica (SiO2), zirco-
nia (ZrO2), and titania (TiO2) are employed. 
However, they are presently expanded to in-
clude many catalysts, which are modified by 
adding other metals [6,7]. Among noble and 
transition metals, tungsten (W) is the most in-
teresting choice since it is widely used. Moreo-
ver, W is an acidic catalytic material being 
highly active and selective for many reactions 
[8]. Phung et al. claimed that among the transi-
tion metal oxide catalysts, WO3/TiO2 catalyst 
gave the highest catalyst activity for ethanol 
dehydration. It was discovered that the addi-
tion of W onto TiO2 support gave higher activi-
ty at the low reaction temperature due to in-
creased strong Brønsted acid sites for catalytic 
reaction [9]. Concerning the catalyst supports, 
it is well-known that TiO2 exists in three differ-
ent crystalline phase structures including ana-
tase, rutile, and brookite. Anatase usually ex-
hibits better activity than that of rutile and 
brookite. It is well known that TiO2 in the form 
of anatase presents excellent properties for sev-
eral catalytic systems involved in important 
thermos-catalytic processes including the NOX 
reduction with NH3 and oil hydrodesulphuriza-
tion. However, there are several reactions such 
as photocatalytic reactions for the unexpectedly 
high activity of rutile and brookite, which are 
accompanied by dramatic reduction of the spe-
cific surface area and pore volume [10-12]. 
Therefore, the different compositions of crystal-
line phases could exhibit the different physico-
chemical properties and catalytic performance.  
In this research work, W/TiO2 catalysts 
were prepared by using TiO2 supports having 
different phase compositions (anatase, rutile, 
and mixed phases). All catalysts were charac-
terized by using various characterization tech-
niques including inductively coupled plasma 
(ICP), X-ray diffraction (XRD), scanning elec-
tron microscope (SEM) and electron dispersive 
X-ray (EDX) spectroscopy, N2-physisorption 
and temperature-programed desorption of am-
monia (NH3-TPD). Furthermore, the catalysts 
were tested in ethanol dehydration reaction 
under vapor phase of ethanol. To understand 
the catalytic behaviors of different TiO2 phas-
es, the effect of phase compositions in TiO2 
supports on the catalytic properties and     
product distribution were elucidated and dis-
cussed. 
 
2. Materials and Method 
2.1 Preparation of Catalysts 
Three commercial phases of Titania (TiO2) 
were used as a support. Anatase (TiO2-A), ru-
tile (TiO2-R), and P25 [TiO2-P25, consisting of 
anatase (∼80%) and rutile (∼20%)]. They were 
obtained from Sigma-Aldrich company. A pre-
cursor solution of tungsten was produced from 
ammonium metatungstate hydrate 99.99% 
trace metals basis [(NH4)6H2W12O40.4H2O)] ob-
tained from Sigma-Aldrich company and etha-
nol solution (99.99%) obtained from J.T. Baker 
company.  
A tungsten content of 10 wt% was prepared 
by incipient wetness impregnation method onto 
the supports using a water solution of ammoni-
um metatungstate. After impregnation, the 
catalyst samples were dried at 110 °C for 24 h 
and then calcined in air at 500 °C for 3 h 
(heating rate of 10 °C/min). The tungsten-
containing on TiO2 supports were denoted as 
W/TiO2-A, W/TiO2-R, and W/TiO2-P25. 
 
2.2. Characterization 
Inductively coupled plasma (ICP): A quanti-
ty of elemental composition in the catalysts 
was measured by Perkin Elmer OPTI-
MA2000TM instrument. Before testing, sample 
must be converted to liquid form before testing 
by dissolving the sample in a concentrated sul-
furic acid to produce a solution. 
X-ray diffraction (XRD): The crystalline 
phases were identified by using a SIEMENS D-
5000 X-ray diffractometer with Cu-K ( = 
1.54439 Å). The XRD patterns were recorded 
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over the 2θ between 20° and 80° with resolu-
tion of 0.04°. 
N2-physisorption (BET): The adsorption-
desorption isotherms of nitrogen at -196 °C 
were obtained from gas sorption techniques 
(Micromeritics ASAP 2020). The specific sur-
face areas were determined from adsorption 
values for relative pressure (P/P0) by using the 
BET method. The total pore volume was esti-
mated from the total amount of adsorbed nitro-
gen by using the BJH method. Scanning Elec-
tron Microscopy (SEM) and Energy Dispersive 
X-Ray Spectroscopy (EDX): The simple mor-
phologies and elemental distribution were ex-
amined by SEM using a JEOL JSM-5800LV 
model and EDX using Link Isis series 300 pro-
gram operated at 100 kV. 
Temperature-Programmed Desorption of 
ammonia (NH3-TPD): The acid properties of ob-
tained catalysts were investigated by NH3-TPD 
using Micromeritics Chemisorp 2750 Pulse 
Chemisorption System. In this experiment, the 
catalyst (50 mg) was evacuated with He at 550 
℃, and then NH3 (gas) was adsorbed at 100 ℃. 
Finally, the NH3-TPD was performed by rais-
ing the temperature from 50 to 500 ℃ to desorb 
ammonia, under a helium flow of 40 mL.min-1, 
with a heating rate of 10 ℃.min-1. The amount 
of ammonia in effluent was measured via the 
thermal conductivity detector (TCD) as a func-
tion of temperature. The total acidity was cal-
culated from the relation of TCD and tempera-
ture from 50℃ to 500 ℃. After 500 ℃, the TPD 
peak was only decomposition of catalyst as 
proven by the TGA result. 
Thermo Gravimetric Analysis (TGA): The 
thermal decomposition of TiO2 supported cata-
lysts were carried out from room temperature 
to 1000 °C with a heating rate of 10 °C/min un-
der nitrogen atmosphere using a STD Analyzer 
Model Q600 from TA instrument (USA).   
 
2.3. Catalytic Reaction 
The procedure used in carrying out the reac-
tions was similar to those described by our pre-
vious work [13,14].The catalytic ethanol dehy-
dration was performed under atmospheric 
pressure in a fixed-bed flow microreactor. The 
catalyst (0.05 g) was charged onto packed 
quartz wool (0.01 g) in the middle of microreac-
tor. In order to eliminate the impurity on sur-
face of catalyst prior to reaction, the catalyst 
was pretreated in nitrogen with 60 mL/min at 
200 °C for 1 h. Then, ethanol was vaporized 
and fed with controlled by a single syringe 
pump with at total flow rate of 1.45 mL/h [i.e. 
the Weight Hourly Space Velocity (WHSV) = 
22.9 h-1]. Finally, all products were collected 
and analyzed at temperatures range from 200 
°C to 400 °C under atmospheric pressure. The 
gaseous products were analyzed by a Shimadzu 
(GC-14B) gas chromatograph with flame ioni-
zation detector (FID) using capillary column 
(DB-5) at 150 °C. Upon the reaction test, at 
least three times for each sampling were rec-
orded. The average values for ethanol conver-
sion and product distribution as a function of 
temperature were reported. 
 
3. Results and Discussion  
3.1. Catalyst Characterization 
To identify the crystalline structure of the 
catalysts after W doping, the X-ray diffraction 
(XRD) was performed. The XRD patterns of 
TiO2 supports and W/TiO2 catalysts are illus-
trated in Figure 1. The results show that TiO2-
A support displays the anatase peaks at 25° 
(major), 37°, 48°, 54°, 55°, and 62°, whereas 
TiO2-R support exhibits rutile peaks at 27° 
(major), 36°, and 55° [11]. The diffraction pat-
tern of TiO2 matches well with the literature 
and were in good agreement with the standard 
spectra (JCPDS no.: 88-1175 and 84-1286). 
Moreover, TiO2-P25 support, which contains a 
mixture of anatase and rutile in an approxi-
mately 3:1 proportion, demonstrates both 
peaks of titania and anatase. The 10 wt% of W 
was impregnated onto three different titania 
supports and was observed W species with very 
low intensity peaks at 22° and 33°. The 
W/TiO2-A, W/TiO2-R, and W/TiO2-P25 catalysts 
show the similar XRD patterns as seen on 
those for the titania supports and also exhibits 
weaker intensity than that of the correspond-
ing pure supports. This indicates that W was in 
Figure 1. XRD patterns for all catalysts ( ■ 
anatase and ● rutile). 
 Bulletin of Chemical Reaction Engineering & Catalysis, 15 (1), 2020, 99 
Copyright © 2020, BCREC, ISSN 1978-2993 
highly dispersed forms which cannot be detect-
ed by XRD technique. However, in case of 
W/TiO2-P25 catalyst, the peaks corresponding 
to anatase phase were significantly decreased 
due to the hindrance of strong intensity of XRD 
peaks for the anatase phase of titania [11,12]. 
According to the Scherrer equation, D = KC-
OSθ, where  is the wavelength ( = 1.54056Å) 
and θ is the Bragg angle, the crystallite sizes of 
all catalysts are shown in Table 1. It is suggest-
ed that the addition of W onto different phases 
of TiO2 did not significantly affected the crys-
tallite size of catalysts.   
The textural properties, such as BET sur-
face area, pore volume and pore diameter of 
TiO2 supports and W/TiO2 catalysts with differ-
ent phases of TiO2 determined by N2 physisorp-
tion are reported in Table 1. The TiO2-A had a 
significantly higher surface area (58 m2/g) and 
pore volume (0.24 cm3/g) relative to TiO2-R sur-
face area (7 m2/g) and pore volume (0.01 cm3/g). 
Besides two pure phase supports, TiO2-P25 
containing mostly anatase had similar surface 
area (47 m2/g) and pore volume (0.13 cm3/g) to 
TiO2-A. Moreover, W/TiO2-A and W/TiO2-P25 
catalysts also exhibited higher surface areas 
and pore volume than that of W/TiO2-R cata-
lyst. Therefore, the addition of tungsten onto 
titania supports only slightly changed the tex-
tural properties. 
The N2 adsorption-desorption isotherms at -
196 °C for the catalysts with different phase of 
TiO2 were conducted (not shown data). It was 
found that all supports and catalysts presented 
type IV adsorption isotherms with a H1 hyste-
resis loop at high relative pressure (0.7 < P/P0 
Catalysts 
BET surface 
area, SBET  
(m2/g) 
Pore volume 
(cm3/g) 
Pore 
diameter 
(nm) 
Total acidity 
(μmol NH3/g 
cat.) 
W content 
(wt%)a 
W content 
(wt%)b 
Crystallite 
sizec 
(nm)  
TiO2-A 58 0.24 11.9 1,639 - - 16.9 
W/TiO2-A 51 0.29 19.3 2,137 10.7 14.9 17 
TiO2-R 7 0.01 10.7 75 - - 16.7 
W/TiO2-R 8 0.01 8.1 112 10.1 12 17.1 
TiO2-P25 47 0.13 9.3 1,866 - - 16.9 
W/TiO2-P25 53 0.3 18.9 2,247 10.2 16.5 17.1 
a obtained from ICP analysis 
b obtained from EDX analysis 
c obtained from XRD using the Scherrer equation 
Table 1.  Characteristics of all supports and catalysts. 
Figure 2. SEM micrographs of all catalysts. 
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< 0.9) as defined by IUPAC classification, 
which confirm the mesoporosity of the cata-
lysts. It can be realized that the hysteresis loop 
for both TiO2-A and TiO2-P25 supports are 
broader indicating larger pore volume than 
TiO2-R support. This result can be further con-
firmed by the corresponding pore volume, as 
shown in Table 1. It can be found that TiO2-A 
had larger pore volume (0.24 cm3/g) than that 
of other supports. Furthermore, the addition of 
tungsten onto titania supports can be slightly 
increased pore volume. 
The surface acidity of the catalysts was 
measured by NH3 temperature-programmed 
desorption  (NH3-TPD) between 50 and 500 °C. 
Table 1 shows the number of acid site (total 
acidity) on catalysts calculated by integration 
of desorption areas of ammonia according to 
the Gauss curve fitting method. The TPD pro-
files (data not shown) for all catalysts related to 
the acid sites on the catalysts surface. The 
NH3-TPD profiles of TiO2-A, TiO2-P25,   
W/TiO2-A, and W/TiO2-P25 catalysts were 
found to have broad desorption peaks in range 
between 150 and 500°C, whereas TiO2-R and 
W/TiO2-R were not found any desorption peaks. 
TiO2 supports (anatase, rutile and P25) present 
total acid site of 1639, 75 and 1866 µmol/g cat, 
respectively. After impregnation of W into all 
supports, all catalysts exhibited increased are-
as under TCD signal curve. It was found that 
W/TiO2-P25 catalyst had the highest amount of 
total acid sites of 2,247 µmol/g cat. It has been 
reported previously that the catalysts with 
higher acid site show good performance in alco-
hol dehydration (such as ethanol, methanol, bu-
tanol, etc.) leading to enhance the catalytic ac-
tivity [14-16]. Therefore, the difference in cata-
lytic behavior of all catalysts upon acidity is 
discussed further. 
The morphologies and elemental distribu-
tions of titania supports having different phas-
es were determined by using SEM and EDX as 
shown in Figures 2 and 3, respectively. The 
TiO2 supports mostly exhibited irregular shape 
of particles. The particles of W/TiO2-R catalyst 
were smaller than those of W/TiO2-A and 
W/TiO2-P25 catalysts (in form of catalyst 
patches). From the EDX mappings (Figure 3), 
it was found that titanium (Ti), oxygen (O) and 
tungsten (W) exhibited well distribution on the 
external surface of catalysts. Based on the 
EDX analysis, it can be observed that the 
amount of W being present in W/TiO2-P25 cat-
alyst (16.5 wt%) was higher than that both in 
W/TiO2-A (14.9 wt%) and W/TiO2-R (12.0 wt%) 
catalysts as seen in Table 1. It was suggested 
that the presence of both phases (anatase and 
mixed phase) of titania support exhibited the 
high W content on the external surface of cata-
lysts. 
According to the results from ICP and EDX, 
it can be proposed that tungsten species had 
larger particle size than pore size of TiO2 sup-
ports. The tungsten species were discovered on 
the external surface more than at the internal 
pore of catalysts. The amount of W was shown 
in Table 1. It was well known that the W con-
centrations at bulk (ICP) were ranged between 
10.1-10.7 wt% for all W/TiO2 based catalysts. 
However, the element concentration from the 
EDX analysis, which is not a bulk (but rather 
surface) analytical tool, gives information down 
to a depth of approximately 50 nm from the 
typical external granule. In addition, W ob-
Figure 3. Typical EDX for W, Ti, and O mapping (W/TiO2-P25). 
Figure 4. Ethanol conversion of all catalysts. 
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tained from EDX was higher than ICP meas-
urement (12.0-16.5 wt%). This was due to the 
W accumulated mostly on the external surface 
of TiO2 support. 
 
3.2. Ethanol Dehydration Reaction 
To measure the catalytic properties for 
W/TiO2 catalysts having different phases of 
TiO2, the catalytic ethanol dehydration was 
performed at the reaction temperature range of 
200 to 400 °C. The result of ethanol conversions 
is shown in Figure 4. It was found that ethanol 
conversion obviously increased with increasing 
the reaction temperatures for all catalysts, in-
dicating no deactivation of catalysts up to 400 
°C. The W/TiO2-P25 catalyst exhibited the 
highest ethanol conversion (66.2%) among oth-
er catalysts. 
Considering the product distribution, the se-
lectivity of ethylene is related to the reaction 
temperature as also described by many re-
searchers [17-20]. The selectivity (in mol%) is 
defined as the molar ratio of a specific product 
to all products present (ethylene, acetaldehyde 
and diethyl ether). The reaction temperature is 
usually a driving force to improve catalytic ac-
tivity of endothermic reaction. As shown in 
Figure 5, it can be observed that ethylene se-
lectivity increased with increasing reaction 
temperatures. The W/TiO2-P25 catalyst pro-
duced slightly higher ethylene selectivity than 
other catalysts. However, the formation of di-
ethyl ether is favored by exothermic reaction, 
thus, increasing the reaction temperatures ap-
parently resulted in decreasing diethyl ether 
selectivity based on the fact that diethyl ether 
is decomposed to ethylene at high temperature. 
At the low temperature (below 300 °C), 
W/TiO2-A and W/TiO2-P25 catalysts produced 
higher amount of diethyl ether than W/TiO2-R 
catalyst. Especially at 200 °C, W/TiO2-R cata-
lyst did not produce any diethyl ether. Besides 
two products, acetaldehyde was well formed as 
a byproduct for W/TiO2-R catalyst. 
A comparison of product yields of all sup-
ports and catalysts is shown in Table 2. The 
yield of each product is defined as ethanol con-
version multiplies with their selectivity. For 
pure phases of TiO2 support, it is obvious that 
the catalytic behaviors of W/TiO2-R and 
W/TiO2-A catalysts were similar to diethyl 
ether and ethylene yields due to good textural 
properties. All W/TiO2 catalysts gave increased 
yield with increasing the reaction temperature 
up to 300 °C. In addition, at 300 °C, W/TiO2-
P25 catalyst gave the highest diethyl ether 
yield (24.1%), whereas the highest ethylene 
yield (60.3%) of this catalyst was obtained at 
400 °C. 
Based on this study, it can be summarized 
that the phase composition of TiO2 support can 
affect the catalytic behavior of W/TiO2 cata-
lysts. The mixed phases of TiO2-A and TiO2-R 
is more suitable for W probably due to its three 
major roles; (1) high surface area and (2) high 
amount of W species distributed on the exter-
Figure 5. Selectivities of products for all catalysts (         W/TiO2-A,        W/TiO2-R,        W/TiO2-P25). 
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nal surface of catalyst and (3) introduce acid 
sites as active sites in the reaction. They were 
the factors leading to obtain higher activity for 
ethanol dehydration of the catalyst on mixed 
phase (P25) than other phases. 
 
3.3. Thermal gravimetric analysis (TGA) 
To determine the coke formation, the spent 
catalysts were analyzed by using TGA analysis. 
It can be concluded that TGA profiles of all 
spent catalysts using in the reaction exhibited 
similar activity (not shown data). At tempera-
ture higher than 200 °C, it was found that the 
addition of tungsten into TiO2 catalysts pro-
moted the coke formation due to the interaction 
between W and TiO2 support introducing the 
catalyst burning [21,22]. The amount of coke 
formation in spent catalysts were determined 
and reported in Table 3. 
 
4. Conclusions 
In this study, the results of W/TiO2 supports 
having three different phases [anatase, rutile 
and mixed phases (P25)] with W loading con-
stant (10 wt.%) was investigated by ethanol de-
hydration from the temperature range of 200 to 
400 °C. The catalyst characterization was used 
to investigate the physico-chemical properties 
and acidity of W supported on TiO2 catalysts. It 
reveals that W/TiO2-P25 catalyst was able to 
produce diethyl ether (24.1% yield) at 300 °C 
and ethylene (60.3% yield) at 400 °C. Besides 
the different phases of titania support, higher 
surface area of TiO2 is likely to play an im-
portant role on the better dispersion of acid 
sites leading to increased catalytic activity. 
This catalyst can be potentially used as sup-
port for a catalyst in dehydration of ethanol to 
diethyl ether and ethylene. 
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